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Process-parameter-dependent
optical and structural properties of ZrO2MgO

V/k�

mixed-composite films evaporated from the solid
solution

N. K. Sahoo and A. P. Shapiro

The process-parameter-dependent optical and structural properties of ZrO2MgO mixed-composite ma-
terial have been investigated. Optical properties were derived from spectrophotometric measurements.
By use of atomic force microscopy, x-ray diffraction analysis, and energy-dispersive x-ray (EDX) analysis,
the surface morphology, grain size distributions, crystallographic phases, and process-dependent mate-
rial composition of films have been investigated. EDX analysis made evident the correlation between
the oxygen enrichment in the films prepared at a high level of oxygen pressure and the very low refractive
index. Since oxygen pressure can be dynamically varied during a deposition process, coatings con-
structed of suitable mixed-composite thin films can benefit from continuous modulation of the index of
refraction. A step modulation approach is used to develop various multilayer-equivalent thin-film
devices.

OCIS codes: 160.4670, 240.0310, 310.1620, 310.6860, 310.3840, 310.1860.

1. Introduction

In spite of all the modern technological advance-
ments in coating processes and controls, the problem
of identifying optimum optical materials for develop-
ing precision thin-film devices still remains. The
use of conventional multilayer thin-film structures
fails to meet the changeable, yet demanding, require-
ments of high-power laser, cryogenic, and space-
based technologies. Especially in the case in which

high-intensity electromagnetic radiation is present,
the discrete refractive indices (H, L, M, etc.) result in
multitransition in the electric-field amplitude within
a multiIayer stack. Alternatively, the most promis-
ing approach is to use continuously varying
refractive-index and composition profiles, thus avoid-
ing standing-wave electric-field distributions associ-
ated with discrete multilayer boundaries. The
important inherent advantages of such configura-
tions over multilayer filter stacks is the absence of
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discrete interface layers, often the source of light-
scattering defects, and the increased design versatil-
ity due to the availability of a full range of refractive
indices as opposed to limited discrete values. 1,2

In this study, we have studied the process-
dependent optical and structural properties of mixed-
composite ZrO2MgO films deposited from the solid
solution, and we have successfully achieved tunabil-
ity of the refractive index. During the course of this
investigation, we found an interesting dominant ef-
fect of oxygen pressure on the film's optical proper-
ties. In the higher range of oxygen pressure, we
observed a dramatic lowering of refractive indices.
Various kinds of optical inhomogeneities were also
observed when different process parameters were
systematically altered. Optical properties and con-
stants have been derived from the transmittance and

the reflectance spectra of the films recorded during
and after the process. Through atomic force micros-
copy (AFM), the surface structures and power spec-
tral densities (PSD's) of critical films have been
investigated. Combinations of other characteriza-
tion techniques, such as x-ray diffraction analysis
and energy-dispersive x-ray (EDX) via scanning elec-
tron microscopy (SEM), provided much valuable in-
formation about the process-dependent microstructure
of the films. Note that the refractive index of the
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tions showed an initial homogeneous structure
within the first few quarter-wave turning points (crit-
ical thickness) followed by a transition to inhomoge-

neity. An experimental film of this type, deposited
at optimized temperature and at a high rate of evap-
oration, has been described in the sections below.
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Fig. 1. Transmittance characteristics of three experimental films
deposited under different substrate temperatures, but with the
same deposition rate and oxygen pressure. T_ is the substrate
transmittance, T M and T,, are the envelopes for the maxima and
the minima. ._T' and AT are the decrease and the increase of
the transmittance value at half-wave points corresponding to pos-
itive and negative inhomogeneity.

solid solution varies from a quite low value to an
appreciable higher value as a function of oxygen pres-
sure in certain deposition conditions. Oxygen pres-
sure can be dynamically varied during the deposition
process, which allows one to generate coatings with
continuously variable refractive indices.

Many thin-film researchers have concluded that
substrate temperature is one of the most dominant
parameters for controlling the microstructure and
the optical constants during the growth of oxide di-
electric films. 3-5 Changing the temperature of the
substrate, however, is a very slow process. Hence it
is highly inconvenient to use this parameter for mod-

ulating the deposition process. However, in our ex-
periment, it is observed that by varying substrate
temperature, it is possible to change the nature and
the extent of the inhomogeneity from positive to neg-
ative. Films deposited in certain deposition condi-

...... : 7

2. Earlier Research on Coevaporated Mixed Films

Tunability of the refractive index of mixed-material
optical thin films has created significant interest in
the area of thin-film coatings. It is possible to de-

velop more complex multilayer thin-film devices by
using a variable refractive-index material in the de-
sign. For example, through the controlled variation
of refractive index with respect to layer thickness,

optical coatings such as rugate filters, wide-band an-
tireflection coatings, nonpolarizing beam splitters,
and minus filters can be developed to the desired
specifications in the best possible manner. 6,7 Ob-
taining such optical properties experimentally, how-
ever, is quite intricate. The theoretical aspect of
development of optical coatings with continuously
varying refractive index has been investigated by Ja-
cobsson s,9 in great detail. Although coevaporation
has been tried by many thin-film researchers to
achieve the tunability, the methodology is still not

well developed. This is due to the complexity in the
process control caused by the large number of depo-
sition parameters that are required when indepen-
dent sources are utilized. For example, there have
been reports on the double electron-beam coevapora-
tion of mixed films of ZrO2-SiO2,1° TiO2-SiO22
ZrO2-Y203,11,12 ZrO2-Al203,13 HfO2-MgF2, '4 ZrO2-
Ta205,4 Ta2Os-TiO2, 4 In203-ZrO2,1,_ ZrO2-ZnO, ._and
ZrO2_MgO ,G _s In this approach it is possible to
obtain a refractive index of the mixed film at any
desired value between lower- and upper-index com-

ponent values by suitably controlling the rate of evap-
oration of individual sources. 3 This approach is

quite involved, as the coating system has to be
equipped with at least two different sources with nec-
essary feedback controllers for measuring and con-
trolling the dynamics of the deposition process.

Most recently, the potential of tuning optical and
structural properties of solid solution composite ma-
terials has created a substantial interest in the de-

velopment of advanced multilayer structures. The
formation of solid solutions in semiconductors and

dielectrics is important, since it very often leads to a
material with quite new optical and physical proper-

Table 1. Sellmier Coefficients for the Films Deposited at the Same Rate of Deposition (1 _/s), Without Any Additional Oxygen,

at Various Substrate Temperatures

Sub. Temp Coefficient Coefficient Coefficient Coefficient Coefficient
in °C 'A' 'B_' 'B_' × 10"L 'C,' 'C2' × 10_

Ambient 1.0801 2.4601 2.135 18.633 5.76
125 _ 2.3476 1.3644 3.0728 32.7578 5.76
167 2.1834 1.7316 2.8032 2.707 × 10-_ 5.76
239 2.0743 1.7372 2.7796 1.3733 × 10-7 5.76
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Fig. 2. Transmittance characteristics of a film deposited at a

substrate temperature 125 °C, at 3/k/s and without any additional

oxygen. Peak minima (T,,'s) shows modulative behavior rather

than dispersive for this film.

ties. 19 Recently, the optical structural properties of

solid solutions of ZnSexTe 1-x have been investigated
by E1-Nahass et al., 2° with the goal of developing
photoelectronic devices. 2° It has been established
that some of the refractory oxides and rare earths,

e.g., ZrO2, Sc203, MgO, In203, A1203, Y203, and CaO,
exhibit extended solid solubility among themselves.
These mixed-material solid solutions have phase-
transformation temperatures and a whole range of
new optical, physical and structural properties that
are substantially different from those of the individ-
ual pure materials. 2z Formation of a solid solution
of this sort, however, is possible only among specific
crystallographic phases of the oxides. These solid
solutions in composite materials are very important
for optical-coating applications because of their po-
tential for having tunable properties by means of
process modulation.

3. Earlier Research on the ZrO2MgO System

Historically, the ZrO2MgO binary system has drawn
the attention of so many investigators because of its
potential use in structural and corrosion-resistive ap-
plications. Magnesia partially stabilized ZrO2 is the
toughest monolithic ceramic now known. 22 Al-
though some optical-coating studies have already
been reported on for coevaporated ZrO= + MgO
mixed films, z6-19 not much research has been done on
its solid solution. Various studies have already been
carried out on the equilibrium phase relations in the
binary ZrO2 + MgO system. 23-2_ Several investiga-
tions have reported metastable tetragonal or cubic
zirconia following the decomposition of unstabilized
and stabilized zirconium-based precursors at temper-
atures well below that which the stable modifications

are known to exist. Ruff and Ebert 2" reported that
the two oxides ZrO 2 and MgO combined to form a
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Fig. 3. Modeling of a nonlinear inhomogeneity showing computed

transmittance characteristics and computed refractive index ver-

sus physical thickness of the layer (inset plot). The film is as-

sumed to be nondispersive and nonabsorbing for simplicity during

computation.

cubic phase above 1460 °C. They considered the cu-
bic phase to be a compound having the formula
Mg2Zr3Os; however, it was later established that
ZrO2 and MgO form a limited series of solid solutions
rather than a compound. It has also been observed
that the probability of MgO forming a solid solution
with monoclinic ZrO 2 is very limited. 24 During our
investigations, we discovered the traces ofmonoclinic
phase in the films deposited in certain ambient con-
ditions.

The microstructural development during the aging
of supersaturated solid solutions of cubic ZrO2 stabi-
lized with MgO has been studied by Porter and
Heuer '9 using transmission electron microscopy.
They observed a very interesting stress-induced
transformation leading to a high-fracture toughness
during the annealing experiments. The formation
of a defect phase Mg2Z%O12 (_) within the cubic ma-
trix at a temperature of 1250 °C has been reported by
investigators. 27 With respect to optical-coating ap-
plications, however, it is observed that the cubic
phase of ZrO2 yields the most favorable optical prop-
erties. 2s Studies of MgO-stabilized zirconia optical
coatings prepared by double-electron-beam gun evap-
oration on nickel substrates by Tcheliebou et al. 16
have shown an interesting result: They obtained a
refractive-index maximum from the samples contain-
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Fig. 4. Refractive indices of films deposited under different sub-
strate temperatures but at the same rate (1 ._/s) and oxygen pres-
sure (base value).

ing 15% (molar) MgO in the alloy. At molar percent-
ages of MgO greater than 20%, a monotonic decrease
of index and packing density was noted. Similar
composition-dependent optical properties were ob-
served in our investigation during optimization of the
process parameters for our samples.

4. Experimental Details

We deposited mixed-composite films on 25-mm-
diameter, 3-5-mm-thick, optically polished quartz
and BK7 substrates by evaporating optical-grade

ZrO.:MgO solid solution typically 99.7% pure (M/s
CERAC Inc., supplied). The deposition chamber

used throughout this investigation was a Balzers
BAK-760 fully automatic box coater, cryopumped to a
base pressure of 8 × 10 -7 mbar. The material was
evaporated from a Temescal CV-8 four-pocket
electron-beam source. During the deposition, we
controlled the beam positio n and the scanning man-
ually for the best utilization of the surface of the
evaporating material. In this chamber, the sub-
strates can be heated as high as 300 °C by a pair of
quartz lamps. The temperature can be controlled by
a Eurotherm controller with a repeatability of +-1 °C.
The substrates can be preheated or postheated to the
desired level by the Balzers BPU-420E process con-
troller. Note that it is difficult to measure the tem-

perature of the rotating substrate during the actual
process. We found it necessary to determine a scal-
ing factor experimentally to derive the actual tem-
perature of the substrate from the temperature
measured by means of a thermocouple located above

the heating sources. For this calibration, we
mounted a large piece of plate glass (59 cm × 45 cm)
on our rotary planetary and placed the thermocouple
in contact with this substrate during rotation. We
then measured the equilibrium temperatures
achieved as a result of different heat-lamp power
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Fig. 5. Extinction coefficients of films deposited under different
substrate temperatures but at the same rate (1 ,_/s) and oxygen
pressure (base value).

settings. The same steps were repeated with the
thermocouple located at the measuring position near
quartz lamps, and a calibration curve was generated
between two sets of measurements. The thermocou-

ple for the Eurotherm controller was precalibrated
with the freezing and the boiling points of water.

A fully automatic advanced Balzers GSM-420 op-
tical monitor-controller was used to control and mon-

itor the optical thickness of the growing films. It is
also possible to use this system as an in situ spectro-
photometer over the UV to the near-infrared (NIR)
spectral range. Hence the spectral characteristics of
the deposited film can be recorded both during and
after the deposition and also either inside or outside
the vacuum. A Balzers QM-420 six-head quartz-
crystal controller was used to control either the phys-
ical thickness or the rate of evaporation of the films.

The oxygen pressure can be very accurately con-
trolled by a Balzers Model RV-420 mass-flow control-
ler.

During this investigation, the transmittance and
the reflectance spectra of the films were recorded
with a GSM-420 optical controller during and just

after the deposition process. The postdeposition
transmittance characteristics in air were recorded

with a Perkin-Elmer Lamda-19 UV-vis-NIR spec-
trophotometer. The extent ofinhomogeneity during
the growth of film was computed from the in situ
transmittance data. By use of SPECTR analysis soft-
ware, developed by Sahoo, the films were character-
ized for their mean refractive index (n_), extinction
coefficient (kin), absorption constant (_m), physical
thickness (d), and inhomogeneity (An). The phase
compositions of films deposited in various process
conditions were analyzed through x-ray diffraction.
The semiquantitative compositions of the films grown
in varying deposition conditions were determined by
SEM.
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5. Spectrophotometric Analysis

There have been several reported efforts to extract
the optical constants of inhomogeneous thin films
from spectrophotometric data. 29-33 It is now very

well accepted that there is always some ambiguity
involved in the determination of the constants when

only postspectrophotometric measurements are
taken into account, especially for nonlinear inhomo-
geneous films. Fortunately, in situ transmittance
and refectance data recorded during the growth of
such films may be used to provide the vital informa-
tion necessary for accurate computation of desired
constants. In general, transmittance measure-
ments are more accurate than reflectance.34, 35 Bor-

gogno et al. 36 have described the limitation of
accuracy obtained during the monitoring of inhomo-
geneous multilayer systems. A novel technique
based on transmittance measurements carried out in

vacuum has been developed by Bovard et al. 3° to de-
rive the dispersive refractive-index profile and extinc-
tion coefficient of inhomogeneous thin films. They
used a rapid-scanning monochromator system during
the deposition process.

In our present studies, we recorded the transmittance
signal at a predetermined wavelength during the growth
process, and we scanned the film transmittance in vac-
uum after the deposition from 350 to 975 nm using the of

GSM-420 optical monitor system. Both of these data
sets were used in combination with spectral character-
izations acquired after exposure to room air at ambient
humidity to analyze the inhomogeneity and to determine
optical constants. The latter transmittance spectra
were recorded on a Perkin-Elmer Lamda-19 UV-vis-

NIR spectrophotometer. All spectra were then ana-
lyzed to locate their interference peaks using Spectra
Calc commercial data-analysis software. The spectro-
photometric data sets were then processed by the SPECTR
analysis software to compute the mean constants, 2°
which include refractive index n .... extinction coefficient
kin, absorption constant am, and physical thickness d.
The degree of in_homogeneity (An _, negative or positive)

is computed from the expression assuming the columnar
growth of the film as follows29.37.3s:

n,,, AT ÷
An _ - (1)

4.4(1 - T_)'

where nm is the mean value for the refractive index
and AT _ is the difference of film (TF) and substrate
transmission (T_) at the peak maxima. Different
types of inhomogeneity with positive and negative
values of this parameter are shown in Fig. 1. As
illustrated in this figure, when the refractive index of

the film at substrate interface (ni) is greater than
that of air interface (no), it results in negative inho-
mogeneity (antireflection effect) and vice versa for the
positive case. Unlike negative inhomogeneity, the
positive inhomogeneity cannot be uniquely deter-
mined from the transmittance measurements alone.

In such films, an additional reflection measurement
is needed to resolve the ambiguity.

While computing these parameters, the transmit-

tance data and quartz-crystal data were taken into
account to compute the thickness of the inhomoge-

neous samples. Some of the samples were also ex-
amined with a Dektac stylus-type profiler. Since
the samples showed a wide range of inhomogeneities
changing from linear to hyperbolic or exponential
etc., it is not possible to compute an actual refractive-
index profile in the growth direction from its trans-
mittance measurements. It is always possible,
however, to compute the mean refractive index (nm)
from the order of the peaks (ore), experimental peak

positions (hp), and thickness value (d) as follows'_°:

Xp (2)
d = Om 4.rim '

where

nm=dfo_n(z)dz.
(3)

After getting starting values of d and nn,, Eqs.
(1)-(3) can be used with any constrained fitting tech-
nique to get improved values for the parameters.
This information on mean constants is sufficient to

characterize the films for their process-parameter-
dependent properties. The details of this approach
have been described elsewhere. 29 We have found

that experimental mean refractive index of the films
were fit very well by use of the two-pole Sellmeier
dispersion formula39:

n,,,2(h) = A + B1/(1 - B2/X 2) + C_/(1 - C2/hz), (4)

where k is the wavelength of the incident light and

coefficients A, B_, Be, C1, and C 2 have their meanings
as per Ref. 39. The first and second terms represent,
respectively, the contribution to refractive indices
due to higher-energy and lower-energy bandgaps of
electronic absorption, whereas the last term accounts
for a decrease in refractive indices because of lattice

absorption. Subsequently, these index fits were re-
fined to match the computed transmittance spectra
with experimental curve to a reasonably good accu-
racy. It is also possible to compute mean electronic

bandgaps (Eg) from the Sellmeier coefficient B e. In
the above expression, the coefficient Ce determines
the IR transmission cutoff; it is the square of twice
the energy associated with the IR transmission cutoff
edge. The computed Sellmeier coefficients for sam-
ples prepared under various substrate temperatures
but at the same rate of deposition and oxygen pres-
sure are given in Table 1.

Like refractive index, the mean extinction coeffi-
cient for inhomogeneous films is defined as

k,, = k(z)dz. (5)

In the present case, we computed the extinction co-
efficients in strong and medium absorbing regions
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Fig. 6. Bandgaps of films deposited under different substrate
temperatures but at the same rate (1/_/s) and oxygen pressure
(base value). Film deposited at ambient temperature shows an
additional indirect bandgap (corresponding to s-phase), which is
shown in the inset plot.

using T_ and Ti, which are the geometric and arith-
metic means of T M and T m, and are defined as 35

/

T_ = _(TMT,,),

Ti = 2TMT,,/(TM + T,,).

Variables T M and Tm are the maxima and the min-
ima transmittance envelopes, respectively, for the in-
terference fringes as shown in Fig. 1. Subsequently,
the values were fitted with a suitable equation to
compute the constants in the weakly absorbing and
transparent region. For our films we found that the
extinction coefficients follow a logistic equation very

well, which is as follows29:

a

kin(×)
1 + (X/c) b'

where k is the wavelength of light and a, b, and c are
the coefficients for fitting.

Besides refractive-index and extinction coeffi-

cients, the optical bandgap energy, Eg provides very
important information regarding the spectral range
over which the desired optical material is useful.

Optical absorption edges are not perfectly sharp for
dielectric and semiconducting materials. Hence it is
necessary to examine more carefully the nature of the
absorption process to understand their shapes.
Such understandings provide information on the stoi-
chiometry and the phase composition of the material.
For a direct bandgap the absorption coefficient for
transitions is of the form 4°,41
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Fig. 7. Refractive indices of films deposited under different oxy-
gen pressures but at the same rate (1/_/s) and substrate temper-
ature (125 °C).

for/_¢o >E_,

= O, (10)

for/_o0 < Eg, and for indirect transitions42:

(6) ,,,'2 _ [/_¢o - Eg], (11)

(7) for ho_ > E, where _ is the absorption constant and h¢o
(or hv) is tim photon energy of the incident radiation.
In the present case, the process-dependent bandgap
values provided very useful information with regard
to the phase composition of the films deposited in
specific deposition conditions.

6. Films with Mixed lnhomogeneity

During our experiments we discovered that in certain
process conditions the films showed mixed inh0mo-
geneity, i.e., after certain minimum critical thickness
of homogeneous growth, the inhomogeneity began to

(8) appear. This phenomenon is observed during in-
process optical monitoring. The presence of such a
structural condition is also reflected in the postpro-
cess transmittance spectra. In the transmittance
spectra, the peak minima show a modulative behav-
ior instead of being dispersive. An experimental
ZrO2MgO film, deposited at a substrate temperature
of 125 °C, at a rate of 3 _/s, and without any addi-

tional oxygen, is depicted in Fig. 2.
The computation of optical constants requires

much more complex modeling when inhomogenious
or mixed growth modes are present. The simulated
refractive-index profile and the corresponding calcu-
lated transmittance curve for our experimental

ZrO2MgO film are shown in Fig. 3. This spectral
characteristic is simulated with a combination of ho-

mogeneous and inhomogeneous growth models. We
divided the entire thickness of the layer to 20 small

(9) discrete sublayers to model the index profile. Dis-
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Measured transmittance characteristics of the film deposited at
high oxygen pressure (8 x 10 4 mbar) in vacuum and in air.

persion in refractive index and extinction coefficients
are not taken into account to avoid the complexity in
the computation. The simulated refractive-index
profile shows a highly nonlinear behavior after a cer-
tain critical thickness of homogeneous growth.
More detailed analyses on these aspects are being
carried out and wilt be reported very soon. This type
of mixed nonlinear inhomogeneity has also been re-
ported by Tikhonravov et al. 43 in their study of the
refractive-index profile of ZrO 2 films with a fast-
scanning acousto-optic spectrophotometer.

A growth-dependent stoichiometry, which appears
in oxygen-rich polycrystalline MgO films, has been
reported by Hebard et al. 44 They discovered that a
rapid increase of oxygen enrichment beyond a certain
critical thickness gives rise to a superstoichiometric
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Fig. 9. Extinction coefficients of films deposited under different
oxygen pressures but at the same rate (1/_/s) and substrate tem-
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structure in sputter-deposited MgO films. They ob-
served an increase of dielectric permittivity by 40% of
bulk value in such films. The presence of MgO in
the solid solution deposited in specialized conditions
in our experiment may be related to the observed
inhomogeneity.

7. Effect of Substrate Temperature

The substrate temperature was found to have a sig-
nificant effect on the film optical constants. The
films prepared in ambient conditions, i.e., at base
vacuum pressure and without quartz lamp heating,
exhibited the lowest refractive index as shown in Fig.
4. The maximum index was obtained with a depo-
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Fig. 10. Bandgaps of films deposited under different oxygen pres-
sures but at the same rate (1 /_/s) and substrate temperature
(125 °C).
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of evaporation but at the same oxygen pressure (base value) and

substrate temperature (125 °C).

sition temperature of 167 °C, but beyond this value,
the index variation showed a downward trend. The

inhomogeneity in the films also showed a quite sig-
nificant change from positive to negative as a func-
tion of substrate temperature. The films prepared
at ambient conditions showed positive inhomogeneity
and, at our highest deposition temperature of 239 °C,

they showed negative inhomogeneity. With a tem-
perature of 125 °C, films showed relatively better ho-
mogeneous behavior. This effect is depicted in Fig.
1. It is at this optimum temperature condition that
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Fig. 12. Extinction coefficients of films deposited under different

rates of evaporation but at the same oxygen pressure (base value)

and substrate temperature (125 °C).
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Fig. 13. Plot of PSD of uncoated quartz substrate versus spatial

frequency showing a quasi-linear behavior.

we varied the oxygen pressure to study additional
changes in the optical properties.

There is an additional interesting result regarding
extinction coefficients in these films. It can be con-

cluded from Fig. 5 that the mean extinction coeffi-
cients showed minimum values for the films

deposited at ambient temperature. Bandgap analy-
sis in the case of pure ZrO 2 shows very interesting
results. A reported analysis on joint density states
of various phases in ZrO 2 has revealed a double-
peaked feature near the absorption edge, implying
that there are more than one direct near-edge tran-

sitions. 42 Per our bandgap analysis, the composite
films showed an indirect bandgap at 4.41 eV in addi-

tion to a direct gap at 4.62 eV, as shown in Fig. 6. A
previous band-structure calculation on a-ZrO 2 pre-
dicts an indirect gap at 4.51 eV close to one of our
experimental values of 4.41 eV. 42 This implies that
there is a small amount of monoclinic phase present
in that deposition condition. This aspect is subse-
quently confirmed by x-ray diffraction analysis.

8. Effect of Oxygen Pressure

For oxide films, the oxygen pressure during the

growth process controls the stoichiometry of the
structure. The influence of oxygen concentration on

optical properties of semi-insulating polycrystalline
silicon films has been studied by Kucfrkov_i et al. 45

They observed a very pronounced effect of oxygen
content on optical constants of the films. During our
current experiments, oxygen pressure also showed
the most dominant effect on the optical constants.

The highest refractive indices were obtained at a
pressure ofl × 10 -4 mbar as shown_n:_he:Fig: 7. As

the pressure during deposition was increased, how-
ever, the indices rapidly decreased. When the pres-
sure was increased to 8 × 10 -4 mbar, the film indices
decreased to a value as low as the substrate indices if

observed inside the vacuum. When such films were

m

m
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Fig. 14. (a) Surface topography of the film deposited at an optimum oxygen pressure of I × 10 4 mbar, substrate temperature of 125 °C,
and rate of 1 A/s. The surface roughness has an area rms value of 1.9534 nm and a R, value of 1.5487 nm. (b) Surface topography of
the film deposited at a higher oxygen pressure of 8 × 10 4 mbar, substrate temperature of 125 °C, and rate of 1 /_/s. The surface
roughness has an area rms value of 9.1709 nm and a R_ value of 7.1729 nm. (c) Surface topography of the film deposited at the ambient
temperature, oxygen base pressure and rate of 1/_/s. The surface roughness has an area rms value of 4.0149 nm and a Ra value of 2.9698
nm. (d) Surface topography ofthe film deposited at the highest experimental temperature of 239 °C and a oxygen base pressure and rate
of 1 A/s. The surface roughness has an area rms value of 2.3585 nm and a R a value of 1.8642 nm.

exposed to air, a large change in the index, indicative
of a low packing density in the films, was observed.
The vacuum-to-air transition of refractive index has

been presented in the Fig. 8(a)i It is also observed

that such a transition can be minimized by sealing
this portion of the layer with the subsequent depo-
sition of a layer without any additional oxygen (i.e.,
higher packing density) and this leads to a more
stable characteristic in air. This aspect was dem-
onstrated by the successful development of a steep-
edge filter. The sharp variation of refractive
indices of the composite films over the higher end of
the oxygen pressure scale tested gave us the idea of
modulation.

Effects of oxygen pressure on pure ZrO 2 films have
been investigated by several experimentalists.4O, 46-_2

It has been observed that these films are inherently
rich with oxygen. When such films are deposited in
an oxygen atmosphere, the excess oxygen embedded
in the films yields superstoichiometric ZrO2+x. Ob-
servations of these structures, primarily based on
analysis of x-ray photoelectron spectroscopy, are re-
ported by Khawaja et al. 47 They attributed this to
be the cause of the lower refractive index at higher
oxygen pressure. Similar experiments on MgO have

generated a wide variety of results, with reports of
films containing an excess of oxygen of as much as
40%. The presence of excess oxygen in these films

also generates a superstoichiometric MgO x (x > 1)
composition with high dielectric strength>< 53 Like-
wise, in our experimental ZrO2MgO composite films,

(Quartz Substrale)

Average Height=3 6713 nm

Area Ra=0,6634 nm

Fig. 15. Surface topography of the uncoated quartz substrate
with the roughness having an area rms value of 0.8340 nm and a
Ra value of 0.6634 nm.
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deposited under various oxygen pressures but at the same sub-

strate temperature of 125 °C and rate of i ,_/s.

the affinity for the oxygen has generated the inter-
esting effect of causing a reduction of the mean re-
fractive index down to a substrate value. These

films showed highly negative inhomogeneity during
their growth. Typical transmittance spectra taken
just after the growth of the film in vacuum and then
in air are presented in Fig. 8(b). It is clear that in
air, the formerly highly inhomogeneous film becomes
completely homogeneous with a sharp increase in the
refractive index. This implies a poor packing den-

sity in the film.

lO,!

Fig. 17. Three-dimensional view of the PSD plots with respect to

oxygen pressure, while substrate temperature (125 °C) and rate of

deposition (1/_/s) are constant.
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Fig. 18. X-ray diffraction peaks of the films deposited under dif-

ferent substrate temperatures but under the same rate of evapo-

ration (1/_/s) and the same oxygen base pressure.

The mean extinction coefficients showed an identi-
cal trend with respect to oxygen pressure. Samples

prepared at I × 10 -4 mbar displayed the minimum
optical losses as shown in Fig. 9, and samples pre-
pared at 6 × 10 4 mbar displayed the highest extinc-
tion coefficients. Similarly, as shown in Fig. 10, the
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Fig. 19. X-ray diffraction peaks of the films deposited under dif-

ferent oxygen pressures but under the same rate of evaporation (1

A/s) and the same substrate temperature.
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Fig. 20. X-ray diffraction peaks of the films deposited under dif-

ferent rates of evaporation but under the same substrate temper-

ature and the same oxygen base pressure.

highest bandgap of 4.82 ev was obtained with sam-
ples prepared at the optimum values.

9. Effect of Rate of Evaporation

The rate of evaporation somewhat affected the films
constants. Films prepared at a higher rate of evap-
oration showed relatively lower refractive index and
higher extinction coefficients, as shown in Figs. 11
and 12. It is likely that the slower rate allows for a
better stabilization of the nucleation process through
a higher relaxation time, which, in turn, gives rise to
a higher packing density and improved indices. 29
The most interesting effect observed in high-rate de-
posited films is the very prominent transition from
homogeneous to inhomogeneous structures. Such a
change was clearly observed during the in situ optical
monitoring. The peak minima in the posttransmit-
tance spectra also showed very different modulation
behavior, as shown in Fig. 2. This effect was simu-
lated assuming the presence of both homogeneous
and inhomogeneous structures in the films along the
growth direction, as depicted in Fig. 3.

10. Atomic Force Microscope Analysis

We used AFM for both qualitative as well as quanti-
tative investigation of process-dependent properties.
In these analyses, the morphological features, to-
gether with the roughness, can be acquired simulta-
neously over a wide range of spatial frequencies. 54-s°
The equipment used for this portion of our investiga-
tion consisted of a Topometrix TMX 2000 series
atomic force microscope. The probes used for the
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Table 2. Positions of 26 Peaks for Our 15-Quarter-Wave-Thick

Oxygen-Modulated Cubic Film along with Experimental and

Theoretical Data"

20 in 'Degrees'

(Present Work,

15 ),/4 02 (Reported by Duwez

(hkl) Modulated Film) and Odell) a (Theoretical) a

111 30.52 30.57 30.50

200 35.36 35.43 35.35

220 50.87 50.66 50.86

3ii 60.52 60.44 60.48

222 63.49 63.47 63.46

400 74.74 74.85 74.84

_ReE 61.

scans are standard Si3N 4 pyramidal tips (1:1 aspect
ratio, 4 _m × 4 ixm) with triangular levers and 0.032-
N/m spring constants.

For evaluating surface roughness, the current
standard procedure is to use the PSD for topography
descriptionY The statistical PSD function is de-
fined as the square magnitude of the Fourier trans-
form of the surface profile; it provides pertinent
information concerning the amplitude of the surface
features as a function of lateral spatial frequency. 55
Even for high-quality samples, a few localized defects
(-1-txm radius) may still be present on the surface
and produce a nonrandom spectrum. '_4 Although
these defects may be rather far (-50 txm) from one
another, by coincidence the atomic force microscope
tip may get positioned near one or more such defects,
resulting a nonrandom spectrum. It is essential to
point out that, in the presence of local defects, the
nonrandom roughness can be predominant and alter
all AFM analysis of random roughness. 54 In such
cases, the use of analysis software is absolutely nec-
essary to eliminate such points before determining
the random roughness.

For uncoated quartz surfaces, the roughness spec-
trum follows approximately a straight line over sev-
eral frequency decades on the log-log plot displayed
in Fig. 13. This quasi-linear behavior of the PSD on
a log-tog scale is characteristic of a frequency varia-
tion given by "_4

_(a) = _/_*, (12)

where _ is a constant, a is the spatial frequency, and
is the spectrum slope. Depending on whether the

parameter _ is greater or lower than 2, the surface
may appear rougher or smoother as the wavelength
increases. 5_ For typical smooth surfaces this value
is very close to 2. Such a power law may be charac-
teristic of a fractal behavior of roughness or more
specifically self-affine behavior. 54 In this situation
we calculate expression of the two-dimensional frac-
tal dimension D as a function of spectrum slope_4:

D = (8 - _)/2 = [(4p - _)/2], (13)
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Fig. 21. X-ray diffraction peaks of a 15-quarter-wave oxygen-modulated film. The inset plots show oxygen pressure variation with

respect to the physical thickness and the measured reflectance spectrum of the coating.

where p is the dimensional parameter. The param-
eter D is quite informative in the case of AFM anal-
ysis; it describes how the roughness fills the space.
The smoother the surface, the higher its D value.
We obtained a value of 2.85 (t_ = 2.3) for our bare

quartz substrates, which means that our starting
surface is reasonably smooth for the film deposition.

Surface topography of films deposited with oxygen

pressure of 1 and 8 × 10 -4 mbars are presented in
Figs. 14(a) and 14(b), respectively. As can be seen
from these figures, the roughness and grain size of
the films show maximum values for the films depos-
ited at high oxygen pressure (average roughness,
45.21 nm). Films deposited at the optimum oxygen
pressure of 1 × 10 -4 mbar showed a minimum aver-

age roughness of 7.53 nm. Deposition temperature
alterations also produced very interesting changes in
the surface topography. As can be seen from Figs.
14(c) and 14(d), films prepared at the maximum ex-
perimental temperature of 239 °C showed a quite
smooth surface (9.37 nm) with more packed grains in

comparison with the films prepared in ambient con-
ditions (14.38 nm). In Fig. 15, the surface morphol-
ogy of quartz substrate is depicted, which shows an
average rms value of 0.834 nm over 20 _m × 20 jxm
scan size.
-It=is_also possible to obtain information on relative

grain size from the cutoff frequencies of the PSD. 55
In the case of PSD curves for thin-film samples, the

spectral slope changes quite predominantly from a

low to a high value and this point is designated as the
cutoff frequency for the corresponding sample. It
has already been established by Deumi6 et al. _4 that,
in the case of thin-film samples, the variation in cut-
off frequency is inversely proportional to the crystal-
lite or grain size. 54 We also observed an identical
trend in our samples. The samples deposited under
high oxygen pressure showed larger grain size, which
also can be observed in the PSD plots as shown in Fig.

16. The presence of additional small peaks at
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Fig. 22. Plot of {3 cos(0)/X versus sin(0)/X, which yields a linear

plot parallel to the x axis. This is indicative of a strain-free coat-

ing produced under oxygen modulation.
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relative peak heights for Zr:Mg:O are 1:0.175:0.178.
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of 125 °C. The relative peak heights for Zr:Mg:O are 1:0.127:0.228.

higher spatial frequency in these plots is indicative of
local defects. It can be seen from these characteris-

tics that the prevalence of such defects is a minimum
for the films deposited at base oxygen pressure. In
Fig. 17, we have presented the data in a three-
dimensional form that clearly shows the sharp
changes in the surface as a function of oxygen pres-
sure in the high-pressure region. The decrease in
the refractive indices at higher oxygen pressure can
be attributed to a lowering of the packing density in
the deposited films.

Atomic force microscope images also provided some
qualitative information on the inhomogeneity in
films. The samples with negative inhomogeneity
(refractive indices decrease from the substrate-to-air
interfaces) showed growth of crystallites that are

Table 3. Relative SEM Peak Height Ratios of Zr:Mg:O for Various

Sample Films Deposited under Different Process Conditions

Sub. Temp O_ Pressure in Rate of Evap. Zr:Mg:O

in °C mbar .h,/s (Relative Ratio)

Ambient No Additional Ou 1.0 1:0.175:0.178

239 No Additional 02 1.0 1:0.081:0.135

167 No Additional Oz 1.0 1:0.152:0.211

125 1.0 × 10 4 1.0 1:0.127:0.228

125 8.0 × 10 -4 1.0 1:0.106:0.310

more conical. This is evidence that these films are

more densely packed and have a higher index of re-
fraction near the substrate interface. The coated

samples that were characterized as having negative
inhomogeneity have optical transmission values at
the half-wave turning points that exceed that of the
bare substrates. The negative inhomogeneity in the
films effectively produces a wide-band antireflection
effect.

11. X-ray Diffraction Analysis

X-ray diffraction analysis of the samples grown with
varied deposition parameters reveals very interest-
ing differences in crystallographic phase and orien-

tations of observed polycrystalloids. The diffraction
spectra were recorded on a Rigaku (USA) diffractom-
eter with Cu(K_) (k 1.5418 A) radiation. The an-
gular resolution for each sample was 0.02 °. Since
the films were deposited on quartz, the short-range
order of SiO 2 contributes to the background struc-
ture, especially in the lower 20 region.

Substrate temperature and oxygen pressure in-
duced more significant changes compared with the
rate of deposition. Except in the case in which coat-
ings were deposited at ambient temperature, the

cubic-phase peak was dominant, but the crystallo-
graphic orientation varied as deposition parameters
were changed. The 20 positions of the cubic-phase
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peaks very well matched those reported by Duwez
and Odel161 for magnesia-stabilized cubic-zirconia
samples. Samples prepared in ambient tempera-
ture conditions showed the presence of a very weak
cubic phase in the films along with a trace of mono-

/---Jo.,_.oZ'
°rrnalizedMagne:_ _12 '_"

Amount

Fig. 29. Variation of mean refractive index with respect to both

magnesium and oxygen contents.

clinic phase as shown in Fig. 18. At a temperature
of 239 °C, the film shows a very distinct cubic struc-
ture with the most preferred orientation being the
(111) direction. For intermediate temperatures
(167 °C and 125 °C), the most preferred orientation
for crystalloids changed to the (200} direction. Note
that in these phase conditions, the films had higher
mean refractive indices and less inhomogeneity.

Since the films showed minimum inhomogeneity at
a substrate temperature of 125 °C, we attempted to
minimize the inhomogeneity further by varying the
oxygen pressure. Regardless of the oxygen pressure
used, the films grew with the (200} direction being the
most preferred orientation, as shown in Fig. 19. For
films grown at a oxygen pressure of 8 × 10 -4 mbar,
the crystallographic peaks were essentially absent,
implying extreme randomness in the orientations of
the crystallites. This is the condition that gave the
lowest possible refractive indices of the films.
Changes in the rate of evaporation also caused very
distinct variations in the amplitudes of diffraction
peaks, and this was most likely due to differences in
the size and the orientation of the crystalloids. In
Fig. 20, a comparison of peak amplitudes for films
evaporated at rates of 1 A and 3 A/s are displayed.

Oxygen-pressure-modulated films showed the
presence of the cubic structure very prominently.
For example, Table 2 reports the position of the cubic
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Fig. 30. Measured transmittance characteristic of a single-layer
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ness of 34 quarter waves. The inset plot shows the oxygen mod-
ulation versus the optical thickness of the layer.

peaks for 15-quarter-wave, oxygen-modulated film
along with the reported peaks for the magnesia-
stabilized (13.8 mol. %) ZrO 2 (cubic) peaks. 61 Figure
21 shows the diffraction pattern of this film in addi-
tion to the measured spectral reflectance and oxygen
modulation along the growth direction.

For this modulated sample, we tried to find the
effective residual strain and particle size from the

x-ray peak broadening. Two major contributions for
the peak broadening, effective particle size and
strain, can be expressed in the following equations
(for the isotropic case)5,e2.e3:

_/k = 1/[P cos(0)] + 4a tan(0)/h, (14)

cos(0)/X = 1/P + 4e sin(0)/k, (15)

where [3 is the full width at half-maximum (FWHM)
of the Bragg peaks in radians, 0 is the Bragg angle, P
is the effective coherent diffraction center size, e is

the effective strain, and k is the wavelength of the
x-rays. For distorted or anisotropic lattices, the
equation becomes more complex. The fact that
stress-induced diffraction peak broadening follows a
tan(0) function, whereas the diffraction center size

broadening has a 1/cos(0) dependence, allows us to
separate these effects graphically. From the above
relationship, the diffraction center size and the strain
are obtained when [3 cos(0)/k versus sin(0)/k, which is
depicted in the Fig. 22, is plotted. The value of P
computed from the intercept is -10/_. The slope of
this plot is nearly zero, which suggests that such a
film is almost strain-free.

Films deposited at two different rates of evapora-
tion showed very distinct changes in x-ray diffraction
peak heights and widths, as shown in Fig. 20. At the
higher rate, the peaks are smaller, which is indicative
of additional stress present in the film. This may be

100 -
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Fig. 31. Observedvacuum-to-airshift in the transmittance char-
acteristics of an experimental edge filter.

due to the rapid nucleation process with minimum
relaxation time that occurs during higher-rate evapo-
ration. Alternatively, there are several other possible
explanations for the microstress in polycrystalline
films that include dislocations, vacancies, defects,

shear planes, thermal expansions, and contractions.

12. Energy-Dispersive X-Ray Compositional Analysis

To determine the cause of large variation in the re-
fractive index in films prepared under relatively high
oxygen pressure, we tried to investigate the variation
in composition among the samples. Other investi-
gators have pointed out that the relative amount of
MgO in ZrO 2 substantially affects the optical and the
structural properties. To measure the relative
amount of Zr and Mg in the samples, we performed
relative compositional analysis using the EDX fea-
ture available in a Hitachi SEM, Model S-4000. The
electron-beam energy used was 10 KeV with a detec-
tor resolution of 145 eV. The carbon peak at 0.25
KeV is the usual peak associated with hydrocarbon
contamination nearly always present on samples in-
troduced from the laboratory environments. In Fig.
23, the EDX analysis of the uncoated quartz sub-
strate is presented.

The ratio of the peak heights for the elements Mg
and Zr provided very interesting information regard-
ing the composition. The zirconium-to-magnesium
ratio changes in the films deposited in different con-
ditions, even though they all are evaporated from the
same bulk material (Figs. 24-28). The detailed rel-
ative compositional ratios of Zr, Mg, and 02 in vari-
ous process conditions are presented in Table 3. The
samples prepared at the highest substrate tempera-
ture shows the minimum amount of Mg with 1:0.081:
0.135 as the ratio of Zr:Mg:O. The sample prepared
at the highest oxygen pressure showed a relatively
higher oxygen peak height although magnesium
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Fig. 32. Design and measured transmittance characteristics of a single-layer broadband antireflection coating produced by oxygen
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peak was small. This can be attributed to the pres-
ence of water vapor in the film voids. The samples

prepared at a temperature of 167 °C have the highest
refractive index with a relative composition of 1:0.152

for Zr:Mg. In Fig. 29 we have plotted the mean re-
fractive index with respect to both normalized mag-
nesium and oxygen quantities. It can be seen from
this plot that the highest mean refractive index,
2.023, has been obtained at an optimum magnesium
(0.152) and oxygen (0.211) amount in the sample.
This implies that an optimum level of MgO in the film
produces a maximum value of the mean index. This
observation is very interesting as a similar kind of

compositional behavior has been reported by Tch-
eliebou et al. _6 for their coevaporated mixed

ZrO2MgO films. Their study shows that it is possi-
ble to obtain the highest refractive index from mixed
films that contain 15% mol of MgO, which is very
much similar to our observation in the case of our
solid solutions.

The possible explanation for the change in the ratio
of zirconium to magnesium in samples prepared in
different process conditions may be due to different
nucleation and growth kinetics of the two constituent
oxides (ZrO2 and MgO) present in the solid solution.
It is well known that refractory oxides, when depos-
ited by electron-beam gun, first decompose and then
recombine at the substrate. Since these two constit-

uent oxides have different melting points, the corre-

sponding accommodation coefficients (a_), which is
defined below, will be different, s4

a_ = (t, - te)/(ti -- t_), (16)

where ti is the temperature of the incident atoms, t_
is the temperature of atoms reevaporating from the
substrate, and t_ is the temperature of the substrate.
Similarly, the associated sticking coefficient and sur-
face diffusion will be different for the two species

depending on the oxygen pressure and the substrate
temperature used during the deposition process,
which effectively control the extent of oxidation as
well as nucleation at the substrate surface. In our

case, this probably led to a different ratio of zirconium
and magnesium observed in different process condi-
tions.

13. Results and Applications

The effects of various process parameters on optical
properties were analyzed in depth. It was found
that the refractive index strongly depends on both
oxygen pressure and substrate temperature. The
rate of evaporation has a relatively less dominant
effect on optical properties. The substrate temper-
ature controls the homogeneity of the films. At
lower temperatures, the films were negatively inho-
mogeneous and at higher temperatures the films be-
came positively homogeneous. The mean values for
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- ther experiments are in progress to minimize this ef-
fect.

refractive indices also changes with temperature, be-
ing highest at a value of 167 °C. At a temperature
value of 125 °C, the films showed minimum inhomo-
geneity, although the mean refractive index was
lower compared with the value at 167 °C. It is at
this particular temperature that we varied the oxy-

gen pressure. It was observed that the optical con-
stants improved at a particular value of oxygen
pressure. On both sides of this value, the constants
deteriorated. The most significant change occurred
when the pressure was below 2 × 10 -4 mbar. Here
the index changes appreciably with the pressure. At
oxygen pressure 6 × 10 4 mbar, the films behave like
medium index materials. At a value of 8 x 10 4

mbar, however, the values almost matched the sub-
strate values. This interesting change has enabled us

to develop multilayer-equivalent-thin-film systems us-
ing the oxygen-modulated-single-film material. Un-
like substrate temperature, oxygen pressure has the
advantage in that it can be tuned quite rapidly during
the deposition process. Hence one can achieve a con-
tinuously varied refractive in this material by suitably
varying pressure during processing.

We have successfully developed various multiIayer
equivalent optical coatings using step modulation of
oxygen during the growth of the film. In Fig. 21, we
have presented the experimental characteristics of
an oxygen-modulated 15-quarter-wave-thick film,
which has a peak reflectance value of -90% and a
FWHM of 800 nm. The oxygen pressure modulation
versus optical thickness of the film is also depicted
below this plot. Similarly, using an optical thick-

ness of 34 quarter waves in the film and suitably
controlling the timings of modulation, we were able to
generate characteristics of an edge filter equivalent
to the design 6s 0.5H (LH) x 16 L 0.SH. The charac-
teristics of such a single-layer coating is presented in
Fig. 30. The oxygen pressure modulation versus
layer thickness is also presented in this figure. Note
from this experimental characteristic that the edge
filter has a stop band over 495-545 nm and a pass-
band with good ripple rejection starting from 565 nm.
It carries a sharp transition in the reflectance that

makes the coating an excellent wavelength multi-
plexer for use with closely spaced wavelengths. We
have observed that, because of the change of refrac-
tive indices, there is a change of spectral character-
istics measured in air and vacuum. In Fig. 31, we
have presented the measured characteristics of an
experimental edge filter in air and in vacuum. It
can be observed from this plot that the characteristic
in air has shifted to higher wavelengths with a de-
crease in reflectance over the stop band. This
clearly indicates the increase of refractive index in

the oxygen-enriched portion of the layer when ex-
posed to air. In Fig. 32, we have shown the experi-
mental characteristics of a more difficult antireflection

coating. It has been observed in several modulated
films that the vacuum-to-air shift in spectral charac-
teristics becomes minimum when the last part of the
film is deposited without any additional oxygen. Fur-

14. Conclusion

We have investigated various process-dependent
properties of the ZrO2MgO solid solution composite
films deposited by reactive electron-beam evapora-
tion. Substrate temperature and oxygen pressure
affect the optical properties of the composite films in
a very interesting manner. This is probably due to
the formation of superstoichiometric structures in
the films above a certain threshold value of oxygen
pressure. SEM analysis has indicated the presence
of a high ratio of oxygen in the films deposited at
higher pressure. The optimum quantity of MgO in
ZrO 2 needed to produce the highest refractive index
is also determined by SEM measurements. The
x-ray diffraction analysis showed various interesting
results. Although most of the films showed cubic
structure, the films deposited at ambient conditions
reveal the presence of a small amount of monoclinic
phase. This phase is also indicated by the indirect
bandgap analysis. The refractive index reached its
highest value for the films deposited at 167 °C with-
out any additional oxygen. Films deposited at a
temperature of 125 °C showed the highest refractive
index when deposited at an oxygen pressure of 1 x
10 4 mbar. At higher oxygen pressure, the films
had refractive indices very similar to low-index film
materials. Using suitable modulation of oxygen
during the growth process made it possible to produce
various types of optical coatings. The advantage of
such coatings over their multilayer counterparts is
the absence of discrete interfaces that are often the

source of light-scattering defects. In addition, the
standing-wave electric-field distribution of incident

optical radiation does not encounter any discrete
changes; this leads to higher damage threshold of
such devices.

This research was performed while N. K. Sahoo
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of NASA/MSFC in carrying out the x-ray diffraction
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authors thank J. E. Coston of NASA/MSFC for per-
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